Investigations of microbial diversity in Antarctic are important to begin to understand ecosystem functioning and decomposition processes. This study documents fungi at 9 historic sites on the Antarctic Peninsula collected from wooden structures, other organic materials, and soils during a joint National Science Foundation and British Antarctic Survey expedition in 2007. Many of these sites had wooden structures built by the British during the World War II Operation Tabarin, but others visited included the American ''East Base'' on Stonington Island and the Swedish hut on Snow Hill Island. Fungi were cultured on several different media and pure cultures were obtained and identified by DNA sequencing of the internal transcribed spacer region. Cadophora species previously found to attack historic wooden structures on Ross Island, Antarctica, were found at all but 1 location sampled in the Peninsula region. Fungi causing decay in the historic wooden structures and artifacts and those causing mold problems inside the structures are of great concern, and conservation efforts are urgently needed to help preserve these important polar heritage structures. The results presented also expand our knowledge on the identity of fungi present throughout the Antarctic Peninsula region and provide insights into the organisms responsible for decomposition and nutrient recycling.
Introduction
The Antarctic Peninsula has been the target of significant exploration over the past decades and many nations constructed huts or relatively large bases there in the early and middle part of the last century. The British in particular established a large presence in this region for not only scientific and geographic exploration, but also to reinforce their claims of territorial sovereignty. The buildings and materials left behind from these expeditions still exist and many have been classified as historic monuments by the Antarctic treaty system, but unfortunately deterioration and decay are causing significant problems for their long term preservation.
Past research on historic wooden structures in other regions of Antarctica has found that they are affected by both abiotic and biotic forms of degradation. Abiotic forms include wind erosion, oxidation of metals (Otineo-Alego et al. 2000) , and salt defibration of wood fibers (Blanchette et al. 2002) . Biotic deterioration is largely due to fungi that can cause both disfiguring mold growth on the surface of artifacts and a soft-rot type of wood decay (Blanchette et al. 2004a ). The fungi found to be responsible for decaying wood were several species of Cadophora including Cadophora malorum, Cadophora luteo-olivaceae, and Cadophora fastigiata, as well as several previously undescribed Cadophora species. Although this past research took place in the Ross Sea region of Antarctica where it is relatively very cold and dry, environmental monitoring inside the huts has revealed that during the Austral summers conditions that are conducive to fungal growth (temperatures above 0 8C and relative humidity above 80%) occur frequently (Held et al. 2005) . A survey of fungal diversity at these Ross Sea historic sites has found that the most abundantly isolated species affecting the historic wood and artifacts were also isolated from soils around the structures and from more distant and remote areas (Arenz et al. 2006) . A number of cosmopolitan species were also identified that had not been previously reported from Antarctica although these species were found in relatively low frequency.
Historic sites on the Antarctic Peninsula have not been the subject of mycological investigations and little is known about the microorganisms present in these areas. If these polar heritage sites are to be adequately preserved, it is important for conservators to know what factors are contributing to the deterioration and decay of the wood and artifacts. Since the Antarctic Peninsula has a relatively warmer and more humid climate than the Ross Sea region of Antarctica, degradation processes likely take place faster and a greater abundance of diverse fungi could be expected. This study was done to determine fungal diversity present at 9 historic sites on the Antarctica Peninsula in woods, organic materials, and soils, to make comparisons with other previous studies completed on the opposite side of Antarctica in the Ross Sea region and to learn more about these organisms and their role in polar ecosystems.
Materials and methods
Nine sites on the Antarctic Peninsula were visited in January 2007 from the British Antarctic Survey (BAS) ship HMS Endurance (Table 1) . The sites consisted of 7 historic British bases: Base A (Port Lockroy Station), Base D on Hope Bay, Base E on Stonington Island, Base F (Wordie House), Base V (View Point Station), and Base W on Detaille Island; and Base Y on Horseshoe Island (Fig. 1) . In addition, Otto Nordenskjöld's Swedish expedition hut on Snow Hill Island was visited as well as the oldest standing American base in Antarctica, East Base, on Stonington Island (Fig. 2) . Small samples (<100 g) of wood, soil, and other organic artifacts, such as textiles, rope, and foodstuffs, were collected, placed in sterile bags, and kept at 4 8C onboard the HMS Endurance until they were brought to the laboratory at the University of Minnesota, St. Paul, Minnesota, for processing at the conclusion of the 4 week trip.
Fungi were isolated from the samples by culturing on several types of media including malt extract agar (1.5% Difco malt extract), a semiselective medium to culture basidiomycetes (Worrall 1991) (1.5% Difco malt extract, 0.2% yeast extract, 0.006% benlate, with 0.2% lactic acid and 0.001% streptomycin sulfate added after autoclaving), Difco potato dextrose agar, and Sabauroud dextrose agar (4% dextrose, 1.5% agar, 1% polypeptone peptone, with 0.001% cyclohexamide and 0.005% chloramphenicol added after autoclaving). Isolates were cultured at 8 and 20 8C. Pure cultures were obtained after subsampling.
DNA was extracted by a phenol-chloroform procedure. This procedure was modified from Zhong and Steffenson (2001) in that the mycelium and the spores were collected by scraping the surface of the agar plate containing the pure isolate, rather than filtering a liquid culture. Also, 700 mL of the lysis buffer was used instead of 7 mL. Ribosomal DNA was amplified via PCR with the primers ITS1 and ITS4 (Gardes and Bruns 1993) . PCR amplification was performed using an Amplitaq Gold PCR Master-mix and a 1 mL template DNA and following the manufacturer's instructions (Applied Biosystems, Foster City, California). A MJ Research PTC Minicycler (Watertown, Maryland) was used with the following profile: 94 8C for 5 min, 35 cycles of 94 8C for 1 min, 50 8C for 1 min, and 72 8C for 1 min, followed by a final extension step of 72 8C for 5 min. PCR products of appropriate size (500-600 bp) were verified by electrophoresis of the amplicons on a 1% agarose gel with a SYBR green 1 (Molecular Probes, Eugene, Oregon) prestain and transilluminating with a Dark Reader DR45 (Clare Chemical Research, Denver, Colorado). Sequencing was performed for both primers using the ABI PRISM Dye Terminator Cycle Sequencing Ready reaction kit (Applied Biosystems) and an ABI Prism 377 automated DNA sequencer. DNA sequence data were analyzed by Chromas software (Technelysium Ltd., Helensvale, Australia) and assembled into a consensus sequence. The sequences were compared with others in GenBank using BLASTn (Altschul et al. 1990 ) to find the best match.
Selected wood samples were cut with a cryostat freezing microtome and observed with a Hitachi S3500 scanning electron microscope (SEM).
Results and discussion
A total of 186 samples were analyzed from all locations (Table 1) , a large portion of which came from East Base because this was a very large historic site and the main focus of the deterioration assessments during the event. From these samples, 81 taxa were identified from 295 fungal isolations (Table 2) . Ascomycetes (58) were dominant among the isolates with a smaller component of basidiomycetes (17) and zygomycetes (6). The most predominant genus isolated was Cadophora, which represented 18% of all isolates, and Cadophora spp. were found at all sites except Nordenskjold's hut on Snow Hill Island. Other frequently isolated genera were Penicillium (14%) Geomyces (11%), Nectria (5%), Rhodotorula (5%), Cryptococcus (4%), Phoma (3%), and Hormonema (3%). Of the 295 total isolations, 54 were obtained from soil samples. The most frequently isolated genera from these soil samples were Geomyces (24%), Cryptococcus (19%), Rhodotorula (13%), Pseudeurotium (7%) and Nectria (6%).
At the phylum level, 82% of the isolates were ascomycetes, 15% of the isolates were basidiomycetes, and 3% of the isolates were zygomycetes. When comparing this with previous work at Antarctic historic sites located in the Ross Sea region (Arenz et al. 2006 ), a similar result was found with 75% ascomycetes, 21% basidiomycetes, and 1% zy-gomycetes representing the total isolates. This agrees with a recent review (Ludley and Robinson 2008) concerning ''decomposer'' basidiomycota in the polar regions that found few studies reporting filamentous basidiomycetes from Antarctic regions south of the sub-Antarctic. Most of the basidiomycetes found in maritime and continental Antarctica are yeasts, and in the present study, basidiomycetous yeasts predominated. Arenz et al. (2006) 1996). Dry Valley soils are characterized by very arid conditions and low nutrient availability, even by Antarctic standards, and these conditions may be responsible for excluding filamentous ascomycetes at these sites. Additional comparisons of this study with the Ross Sea region study (Arenz et al. 2006) , show a large amount of similarity in specific fungal taxa. As a percentage of all 82 taxa identified, 62% were from identical genera, 34% were also similar species, and 21% also matched the same GenBank accessions. As a percentage of the total number of isolates this increased to 77%, 64%, and 46% for similar genera, species, and GenBank accessions, respectively. Even though the Ross Sea region study area (Arenz et al. 2006) was 108 further south and roughly 3500 km away from the historic sites in this study, the overall profile of fungal taxa appeared to be very similar.
The most noticeable difference found was the large presence of Penicillium spp. in this study (14%) compared with the 2% observed in the Ross Sea area investigation (Arenz et al. 2006 ). Many of these species are part of a larger group of Penicillium spp. (subgenus Penicillium), which have commonly been associated with spoiling of refrigerated foods and as a dominant fungal component of subglacial Arctic ice (Sonjak et al. 2006) . These species are relatively rare in soils in temperate areas (Frisvad and Samson 2004) and were not found in soils analyzed from the Peninsula region in the study reported here; however, they have been reported from soils in other previous studies carried out from the Antarctic Peninsula (Hughes et al. 2007 ) as well as the Ross Sea region (Göttlich et al. 2003 , Sun et al. 1978 ) and even Dry Valley soils (Connell et al. 2006) .
The large presence of Geomyces spp. (11%) is similar to what was previously observed in the Ross Island region (14%) (Arenz et al. 2006) . Geomyces spp. have been observed frequently in Antarctic soils (Baublis et al. 1991 , Tosi et al. 2005 , Connell et al. 2006 , and their dominance in soil samples in this study (24%) is not surprising. Marshall (1998) speculated that they may have a keratoniphilic role in ornithogenic soils. All sites in the present study were in coastal areas with some amount of bird life, and Port Lockroy on Goudier Island is in the middle of a thriving Gentoo penguin rookery.
The most significant finding of this study is the high prevalence of Cadophora spp. among the historic sites visited (18% of all isolates). At least 1 isolate was found from samples at all 9 sites except Nordenskjöld's hut on Snow Hill Island. Not only has this genus emerged as the primary group of decay fungi attacking wood and complicating conservation efforts at historic sites in the Ross Sea region (Blanchette et al. 2004a ), but it has also been isolated from historic wood from the Canadian High Arctic . Its high relative abundance on wood and artifacts in historic sites studied in this research is a cause for concern for conservators working to preserve these structures and artifacts in this environment. Results from SEM confirm that wood from where Cadophora species were isolated had an extensive soft-rot type of decay (Fig. 3) , and in laboratory studies this genus has been found to cause the same type of decay . Soft rot causing fungi have been found to be the dominant type of wood decay in extreme environments where conditions do not support white and brown rot fungi (Blanchette et al. 2004b) .
Although collection time at each location did not allow for an inspection of all woods, sufficient sampling was done to provide a preliminary account of the fungi present and the condition of the historic structures. The overall condition of the sites and artifacts ranged widely from those in very good condition, such as Base Y on Horseshoe Island and Nordenskjöld's hut on Snow hill Island, to those in much more deteriorated condition, such as Station W on Detaille Island, Base D in Hope Bay, and East Base on Stonington Island (Fig. 2) . The condition of the buildings was usually affected by the state of the roofs, which were largely intact at Base Y and Nordenskjöld's hut, leading to relatively dry conditions inside the structures that would restrict fungal growth. However, the roofs at Station W and Base D had lost much of their water protection properties, and, consequently, a significant amount of moisture entered the huts and large fungal blooms were observed causing significant damage to the artifacts inside. A detailed assessment of deterioration and decay at East Base has been published separately (Arenz and Blanchette 2008) .
This study demonstrates that a diverse range of fungi are present at these historic sites, many of which have a circum- polar distribution. Although a few filamentous basidiomycetes were found, which are rare in Antarctica, the predominant group of decay fungi appears to be ascomycetes in the Cadophora genus. This genus is present in abundance at all but one of the visited historic sites on the Antarctic Peninsula, and preservation efforts need to consider these destructive microbes when trying to conserve these structures and artifacts. The environmental conditions on the Antarctic Peninsula appear more conducive to wood decay than the colder and drier Ross Sea region, and decay rates are likely to be much greater. The widespread and relative abundance of Cadophora spp. suggests they are important organisms in soil ecosystem dynamics and nutrient recycling in these polar regions. This report also provides insight into the many other fungi that can be found in Antarctica, some of which undoubtedly play important roles for successful ecosystem functioning. Since little is known about these microorganisms, there is a need for continued study to better understand how they survive in these harsh environments and what nutrients they are utilizing in the absence of exotic substrates left behind by expeditions. 
